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ABSTRACT
CK Vul is the remnant of an energetic eruption known as Nova 1670 that is thought to be caused by a stellar merger. The remnant is
composed of (1) a large hourglass nebula of recombining gas (of 71′′size), very similar to some classical planetary and pre-planetary
nebulae (PPNe), and (2) of a much smaller and cooler inner remnant prominent in millimeter-wave emission from molecules. We
investigate the three-dimensional spatio-kinematic structure of both components. The analysis of the hourglass structure yields a
revised distance to the object of >2.6 kpc, at least 3.7 times greater than so far assumed. At this distance, the stellar remnant has a
bolometric luminosity >12 L and is surrounded by molecular material of total mass >0.8 M (the latter value has a large systematic
uncertainty). We also analyzed the architecture of the inner molecular nebula using ALMA observations of rotational emission lines
obtained at subarcsecond resolution. We find that the distribution of neutral and ionized gas in the lobes can be reproduced by
several nested and incomplete shells or jets with different velocity fields and varying orientations. The analysis indicates that the
molecular remnant was created in several ejection episodes, possibly involving an interacting binary system. We calculated the linear
momentum (≈1040 g cm s−1) and kinetic energy (≈1047 erg) of the CK Vul outflows and find them within the limits typical for classical
PPNe. Given the similarities of the CK Vul outflows to PPNe, we suggest there may CK Vul analogs among wrongly classified PPNe
with low intrinsic luminosities, especially among PPNe with post-red-giant-branch central stars.
1. Introduction
Nebulae of post asymptotic-giant-branch (post-AGB) stars have
been extensively imaged at optical, infrared, and millimeter
wavelengths. A large fraction of them has a bipolar shape. Bipo-
lar planetary nebulae (PNe) and pre-planetary nebulae (PPNe)
are shaped by mechanisms that are not entirely understood (Bal-
ick & Frank 2002). Magnetic fields and stellar rotation may
be involved in producing some asymmetries of the nebulae but
are not considered to be the dominant actors. The still elusive
sculpting mechanisms most likely involve binary interactions
(e.g., Bujarrabal et al. 2000; Soker & Rappaport 2001), among
them common-envelope ejections and mergers (Paczyński 1976;
Jones & Boffin 2017; Soker & Kashi 2012; Kamiński et al.
2018a). Bipolar nebulae display a wide range of morpholo-
gies and kinematical properties. These include structures formed
in multiple ejections with different orientations (e.g., Sahai &
Trauger 1998), atomic and molecular outflows expanding with
high speeds (molecular with roughly 100–300 km s−1 and atomic
up to about 2000 km s−1) (e.g. Sánchez Contreras & Sahai 2001)
and following the Hubble law, that is, with the speed increas-
ing linearly with distance from the origin. In addition, rotating
as well as expanding disks and tori in the waist of the bipo-
lar structure have been observed (Bujarrabal et al. 2016, 2018;
Sánchez Contreras et al. 2000). The momenta of the observed
outflows nearly always exceed by orders of magnitude values ex-
pected from radiation pressure of the luminous central star. Thus,
the origin of the bipolar PPNe must be related to dynamic phe-
nomena (e.g., Alcolea et al. 2001), possibly involving accretion
episodes in binary or multiple systems (Sánchez Contreras et al.
2004). Most well-studied bipolar PPNe and PNe have kinematic
ages of a few hundred years (.1500 yr) and it is suspected that
they had been created in a relatively short phase, lasting tens to a
few hundred years (Bujarrabal et al. 2001). Many of the nebulae
encompass bullets or jets (see e.g., Huang et al. 2016) (although
the definition of a jet varies between authors). Identifying the
shaping mechanism of those post-AGB stars is important for our
understanding of the stellar evolution beyond the main sequence
in low-mass binary and multiple systems.
The object CK Vul, when observed at optical wavelengths,
appears very similar to many bipolar PPNe: it has a large (71′′)
hourglass nebula of recombining gas, multiple “bullets” ejected
at different orientations (Hajduk et al. 2007), a dust-rich waist
(Kamiński et al. 2015), and fast atomic and molecular outflows
(Kamiński et al. 2015; Hajduk et al. 2013) which follow the Hub-
ble law. What clearly distinguishes CK Vul from post-AGB sys-
tems is that its central object is much less luminous (&0.9 L in
Kamiński et al. 2015; revised here to 16–60 L) than post-AGB
stars (typically of 104 L for PPNe). More importantly, in con-
trast to PPNe and PNe, CK Vul has been observed directly in
outburst. The “new star” was discovered in June 1670 and its
changing visual brightness was extensively documented until its
final dimming sometime after May 1672. Owing to the work of
17th-century observers — including Pére Dom Anthelme, Jo-
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hannes Hevelius, and Giovanni Domenico Cassini — Shara et
al. (1985) were able to reconstruct the light curve of Nova 1670.
There had been at least three major outbursts over the ≈3 yr that
the nova was visible to the naked eye. Such a light curve is not
typical for classical novae (Rosenbush 2020), but is very typ-
ical of a recently-recognized group of eruptive objects known
as (luminous) red novae or (intermediate-luminosity) red tran-
sients. A reddish color of the 1670 transient was noted by J.
Hevelius (Shara et al. 1985). Red color is a tell-tale character-
istic of red novae in late stages of their eruptions, due to dra-
matic cooling and increasing obscuration by newly-formed dust.
The ancient eruption was therefore postulated to be of the red-
nova kind (Kato 2003; Tylenda et al. 2013). That hypothesis was
corroborated by further analysis of the remnant (Kamiński et al.
2015, 2018b, 2017). (Some authors have presented a different
view on the nature of the object, see e.g., Shara et al. (1985),
Miller Bertolami et al. (2011), Evans et al. (2016), and Eyres et
al. (2018), but most of them are invalided by more recent ob-
servations; see e.g., Kamiński et al. 2015 and Kamiński et al.
2018b). As argued by Tylenda & Soker (2006) and directly ob-
served for the case of V1309 Sco (Tylenda et al. 2011), red novae
erupt as the results of stellar mergers, events in which the coa-
lescence is preceded by a quick phase of the common-envelope
evolution (Livio & Soker 1988; Ivanova et al. 2013; MacLeod
et al. 2017). Interestingly, some of the red transients, including
extragalactic ones, have been linked to PPNe (Prieto et al. 2009;
Soker & Kashi 2012). The case of Nova 1670 and its remnant,
CK Vul, makes this link even stronger.
The nebular remnant of Nova 1670, was recovered only quite
recently by Shara & Moffat (1982). Subsequent observations
showed the presence of the large hourglass nebula within which
several clumps of atomic emission were found by Hajduk et al.
(2007), including features which we call here the northern jet
and bullets (Fig. 1). The photosphere of the stellar remnant has
not been observed, neither directly nor in scattered light, even
though very sensitive observations of the center of the nebula
have been performed (Shara et al. 1985; Naylor et al. 1992; Haj-
duk et al. 2007, 2013; Tylenda et al. 2019). The star is obscured
by dust at visual and infrared wavelengths and only at long ra-
dio wavelengths a compact source was found, presumably man-
ifesting ionized material located in the immediate vicinity of the
photosphere (Hajduk et al. 2007).
Quite surprising were observations of CK Vul at millimeter
(mm) and submillimeter (submm) wavelengths that have been
conducted over the last few years. They revealed a very rich
molecular component of the remnant. It is composed of simple
astrophysically-common di- and triatomics (such as CO, HCN,
SiO), but also contains polyatomic molecules, as complex as
CH3OH and CH3NH2, the latter being not too common in the in-
terstellar medium (ISM) and absent in the envelopes of evolved
stars and CH3OH only observed toward very few such objects
(Kamiński et al. 2015, 2017). The molecular gas is enhanced in
helium, products of the CNO cycles, and partial helium burning,
including rare CNO isotopes and 26Al. Their presence is consis-
tent with a red giant branch (RGB) star torn apart in the merger
of 1670 (Kamiński et al. 2015, 2017, 2018b). The molecular
gas forms a bipolar structure that is approximately seven times
smaller than the atomic hourglass nebula. Partial analysis of the
molecular remnant has been presented in Kamiński et al. (2015),
Kamiński et al. (2018b), and Eyres et al. (2018). While proper
motions of the atomic nebula seem to indicate that its kinematic
age is consistent with ejection in the eruption of 1670–72 (Ha-
jduk et al. 2007), the age of the molecular bipolar structure is
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Fig. 1. Large-scale hourglass nebula of CK Vul. The background optical
image show the nebular emission in lines of Hα and [N ii]. Although
most stars are removed from the image, some considerable residuals
can be seen (most of the point-like sources) (Hajduk et al. 2007). The
red dashed rectangle of 26′′×31′′ corresponds to the size of the maps
in Fig. 11. The cyan contours show emission of CO 1–0. The dashed
lines mark the symmetry axes of: the large hourglass nebula (green),
the CO region (black), and the optical shell immediately surrounding
the molecular nebula (magenta).
long after 1670 (Kamiński et al. 2020; Eyres et al. 2018) but
solid evidence for this is missing.
In Kamiński et al. (2020, hereafter Paper I), we presented
an imaging line survey conducted with the Atacama Large Mil-
limeter/submillimeter Array (ALMA) and Submillimeter Array
(SMA) interferometers. The survey allowed us to explore the
spatial complexity of the molecular remnant that was traced in
180 spectral lines of 22 molecular species. The bipolar lobes
and the central region are well resolved by the interferometers,
thereby allowing first detailed studies of the remnant’s compo-
nents. Non-local thermodynamic equilibrium (non-LTE) analy-
sis of the extended lobes yield a gas temperature of ∼14 K and
densities of 105 cm−3. The central region, in the waist of the
molecular and atomic nebulae, is slightly denser (106 cm−3) and
warmer, with a bulk gas temperature of ∼17 K, and characterized
by a temperature gradient. The central region appears to be richer
in oxygen-bearing molecules than the lobes. The presence of the
more complex species, which are chiefly observed in the lobes,
is difficult to understand from an astrochemical point of view:
given the environment, it seems natural that shock waves were
driving their creation, either via the destruction of dust grains
and their icy mantles (if any existed) or in endothermic reactions
in the hot post-shock regions; the latter processes have to date
been little explored by astrochemists. Quadrupole transitions of
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H2 arising from a clump within the molecular nebula (Paper I)
and the excitation of atomic lines (Tylenda et al. 2019) are also
indicative of fast (50–90 km s−1) active shocks. The gas in the
lobes displays very complex kinematics but, in general, can be
understood if the lobes are part of an hourglass structure oriented
at a very small inclination angle to the sky plane. (For inclina-
tion, we adopt the convention where it is the angle between the
long axis of the hourglass and the sky plane).
In this paper, we take a closer look at the three-dimensional
spatio-kinematic structure of the atomic and molecular remnant
of Nova 1670. Observational data at millimeter wavelengths
have been described and presented in Paper I. We start the cur-
rent study with a revision of the basic astrophysical parameters
of the remnant, including the distance and the luminosity, based
on optical observations of the large hourglass nebula. The revi-
sion is presented in Sect. 2. In Sect. 3, we turn mainly to the inner
remnant and introduce our modeling methods aimed at reproduc-
ing its architecture in 3D. We present results of the modeling for
different components of the remnant, that is, for bulk neutral gas
(Sects. 3.1 and 3.2), ionized molecular gas (Sect. 3.3), and for an
extended CO-bearing region (Sect. 3.4). In Sect. 4, we constrain
the linear momentum and kinetic energy of the molecular out-
flow. Finally, in Sect. 5, we discuss the results in search for clues
on the dynamical origin of the molecular outflow in CK Vul and
the object’s relation to the known PNe and PPNe.
2. Revised physical parameters of the remnant
Distance and luminosity of the remnant are essential for reveal-
ing the nature of CK Vul. The distance of 0.7 kpc has often been
assumed for CK Vul after Hajduk et al. (2013). This distance
was derived from an analysis of the large hourglass nebula that
can be safely assumed to originate in the eruption of 1670. Based
on images and long-slit spectroscopy of the nebula, Hajduk et al.
performed a 3D analysis which lead them to the inclination of the
structure. Their figures present a model for an inclination of 25◦.
Knowing the inclination and radial velocities, and assuming a
simple velocity field such as the Hubble flow, one can derive the
tangential and the total deprojected velocities of the gas. Then,
the angular size of the structure gives simply the distance to the
object. In calculating the distance, Hajduk et al., however, used
an inclination of 65◦ (sic), inconsistent with the shown model
(with 25◦), and found a distance of 700 pc. We correct this error
and propose a revised model of the hourglass nebula that implies
a much greater distance.
We used the SHAPE package (Steffen & López 2006; Stef-
fen & Koning 2017, version 5.1) to reconstruct the overall spatio-
kinematic structure of the large hourglass nebula and compared it
to images and long-slit spectra presented in Hajduk et al. (2013).
We assumed that the shape and size of the nebula are the same
along the line of sight as in the sky plane. Each lobe was mod-
eled as a single shell-like structure. In particular, pointy (nearly
triangular) cusps of emission seen at the northern and southern
tips of each lobe (Fig. 1) were assumed to be part of the lobes.
In the modeling and comparison to the observations, we ignored
the inner nebula regions up to radii of about 7′′, where the hour-
glass structure overlaps with multiple bright features of unknown
kinematical ages (cf. Fig. 2). We assumed a simple Hubble-flow
expansion of the shells. The relative brightness distribution of
the hourglass was only roughly reproduced (as a function of the
polar angle) since it has little meaning for the distance determi-
nation. The appearance of the nebula was simulated assuming
optically thin emission.
Fig. 2. Three-dimensional model of the atomic hourglass nebula of
CK Vul. Left: The observed image of the nebula (same as in Fig. 1).
Bright nebula regions shown in yellow and magenta are not considered
to be parts of the hourglass. Center: The bipolar-shell model rendered as
a mesh is overplotted on the observed image. Right: Simulated image of
the nebula for our line of sight. Polar regions have enhanced emissivity
while emission adjacent to it was suppressed.
The characteristic presence of the two clear bright cusps at
the tips of the hourglass nebula and the simultaneous presence of
sharp angles at the NE, NS, SE, and SW “corners” of the hour-
glass (cf. Fig. 1) imply an upper limit of ≈35◦ on the inclination.
At larger inclinations, the tips of the lobes appear internal to the
lobes and instead of the corners, the rims of the hourglass appear
rounded for a wide range of intrinsic shapes. In particular, an in-
clination of 65◦ used by Hajduk et al. (2013) to yield the distance
can be practically ruled out if the cusps are an integral part of the
lobes. The nebula morphology does not provide us with a lower
limit on the inclination. In Fig. 2, we present a sample model
where the northern lobe has an inclination of 10◦ and the south-
ern one is seen at 20◦ inclination. Such a model reproduces very
well the spectra obtained with a slit located at the high-proper
motion star west of CK Vul and crossing eastern walls of both
lobes (cf. Figs. 3 and 4 in Hajduk et al. 2013). We find some sub-
tle asymmetries between the southern and northern lobes (e.g., in
size, position and inclinations angles) but these will be explored
in more length and compared to more sensitive observations in a
forthcoming paper (Hajduk et al., in preparation).
In spectra of the bright [N ii] λ6583 line, the apexes of
the hourglass have an average radial velocity of ±820 km s−1
(blueshifted in the south and redshifted in the north). With the
radial extent of each lobe of 36′′ and the kinematical age of
340 yr, we calculated the distance and other physical parame-
ters of CK Vul’s remnant for different inclination angles. Results
are shown in Table 1. Our upper limit of ≈35◦ on the inclina-
tion implies that the object is at distances larger than ≈2.6 kpc.
Our show-case model with i=15◦±5◦ from Fig. 2 puts CK Vul
at a distance of 5.7 kpc and indicates the ejecta velocity of
3200 km s−1. That is very fast but not unreasonable. We con-
sider this solution as a sensible upper limit on the distance. With
the object’s Galactic longitude of l=63◦.3, at much lower inclina-
tion angles (for instance of 5◦) the distances would be enormous
(17 kpc) putting CK Vul at the outskirts of the Galaxy and would
imply gas motions comparable to those of supernovae. Such so-
lutions are therefore highly unlikely.
An independent constraint on the distance to CK Vul can be
derived from the distance to a field star named variable 2 (Hajduk
et al. 2013) that is located behind the southern molecular lobe.
Its Gaia Data Release 2 parallax (Gaia Collaboration 2018) im-
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Table 1. Physical parameters of the remnant at different inclinations.
i Vexp d Lbol,now Lbol,max
(◦) (km s−1) (kpc) (L) (L)
5 9413 17.0 532 2.7e8
15 3170 5.7 60 3.0e7
25 1941 3.5 23 1.1e7
35 1420 2.6 12 6.2e6
65? 900? 0.7 0.9 4.5e5
Notes. Vexp is the total (deprojected) expansion speed of the nebula.
Lbol,now represents the contemporary bolometric luminosity of the ob-
ject and Lbol,max is the bolometric luminosity of Nova 1670 during its
maximum visual brightness in 1671. The last row corresponds to values
given in Hajduk et al. (2013). Some values are given with a question
mark to indicate they are not consistent with the provided distance.
plies a distance of 4.9 kpc or a 1σ-like confidence interval 3.0–
8.1 kpc (calculated after Bailer-Jones et al. 2018) and implying
10◦<i<30◦. We can thus quite confidently claim that the distance
to CK Vul is >2.6 kpc and we adopt 5.7 kpc as a plausible upper
limit. A distance of 2.6 (5.7) kpc would place CK Vul 45 (98) pc
above the Galactic plane, well withing the thin disk.
The bolometric luminosity of CK Vul’s remnant was derived
on the basis of a spectral energy distribution (SED) of the object
(Kamiński et al. 2015). The SED was reconstructed from broad-
band photometric measurements ranging from infrared to radio
wavelengths. That luminosity may be somewhat underestimated
because it does not take into account radiation escaping the sys-
tem through polar regions. At the assumed distance of 0.7 kpc,
a luminosity of 0.9 L was derived. The revised distance makes
the remnant of CK Vul much more luminous. From the above
analysis, the bolometric luminosity must be >12 L. If CK Vul is
located in the Galactic disk, its luminosity is certainly lower than
104 L. The revised luminosity of CK Vul matches well those of
RGB or post-RGB stars, consistent with the RGB merger hy-
pothesis of Kamiński et al. (2018b).
The revised distance also implies a high luminosity of the
outburst of Nova 1670. We calculated its maximal bolometric
luminosity for the range of distances and present them in the
last column of Table 1. In the calculations, we adopted: the min-
imal visual magnitude of 2.6 during the 1671 peak (Shara et al.
1985); interstellar visual extinction of AV=2.79 mag (an upper
limit from Tylenda et al. 2019); and a bolometric correction of
0.0 mag consistent with a supergiant at a temperature of ∼7500 K
(i.e., comparable to that of V838 Mon, cf. Tylenda 2005). Al-
though the assumed interstellar extinction and the bolometric
correction are uncertain, the peak luminosity of Nova 1670 was
very likely on the order of 107 L, perhaps exceeding that of the
brightest Galactic red-nova outburst of V838 Mon (Sparks et al.
2008) but comparable to peak luminosities of some extragalactic
merger-burst candidates (cf. Pastorello et al. 2019).
3. Three-dimensional molecular remnant
With the revised basic parameters of the remnant, we come back
to the molecular component of the remnant. We again used the
SHAPE package (version X.α.619 from 2018) to reconstruct the
overall spatio-kinematic structure in 3D. Our simulations were
performed within the optically-thin limit and we assumed a ho-
mologous expansion, as expected from an eruptive event with
ballistic ejections. Cylindrical or point-symmetry was assumed
unless otherwise stated.
SHAPE models were iteratively constructed by comparing
the simulated spatio-kinematic structure to products of the ob-
servational data, including total-intensity maps, channel-velocity
maps, and position-velocity (PV) diagrams generated for several
virtual slits and multiple representative molecules. The observ-
ables were extracted from average data-cubes introduced in Pa-
per I. They typically represent a noise-weighted mean of multi-
ple transitions and isotopologues of a given species (except for
CO; see below). Most of the observational material discussed
in the current study is based on the more sensitive ALMA ob-
servations. In SHAPE, we worked with an arbitrary flux scale
focusing on reconstructing the relative intensities seen in the in-
terferometric maps.
The molecular emission is generally optically thin in the
bipolar lobes on which we focus here, while we omit the “cen-
tral region”. Defined in Paper I, the central region is within ≈2′′
of the remnant center. It is characterized by a considerable range
of temperatures, optically thick emission of the most abundant
species, and has an irregular velocity field traced in SO2 lines
(see Paper I). To address all this, would require adopting a dif-
ferent modeling approach than that applied here.
The morphology of the lobes is shown for a number of
molecules in Fig. 2 of Paper I. The lobes have a very pronounced
point symmetry, but small asymmetries between the northern
and southern lobes can be noticed. In the majority of the ob-
served molecules, the nebula exhibits an S-shape morphology,
except for molecular ions, which have an S-shape (inverse-S)
appearance in total intensity maps (see Fig. 5). The emission dis-
tributions of neutral and ionic species complement each other to
form an 8-shaped structure.
3.1. Step 1: General shape
First, we focused on reproducing the shape and kinematics of the
outermost spatial structures (those farthest from the expansion
center) that are visible in neutral-gas tracers observed at a very
high signal-to-noise ratio (S/N), such as in HCN and SiO. Each
lobe was represented by an ellipsoidal structure whose shape
was next manually modified by stretching and squeezing, and by
adding several distortions called “bumps” in SHAPE. The sizes
of the structures along the sight-line were assumed to be sim-
ilar to their widths measured directly in the maps. The overall
simulated shape of the outer remnant is shown in Fig. 3.
The velocity field was implemented as a stitched function of
linear radial expansion laws, in the form v(r) = kr and with dif-
ferent values of k. The reference frame of the velocity field was
oriented in the same manner as the spatial structure and thus de-
fined by the same inclination and position angles. For the bulk
of molecular gas in these outer shells, we were able to satis-
factorily reproduce the observations with k=37 km s−1 arcsec−1
near the central region (i.e., roughly within a radius, r, of 1′′)
and k=58–68 km s−1 arcsec−1 outwards. In our preferred imple-
mentation, the lobes are only slightly inclined to the sky plane:
the northern lobe is at an inclination i=10◦ and the southern one
is in the sky plane (i=0). The values of k and i are degenerate
and cannot be determined independently. Thus, our model does
not generally offer a unique representation of the available data.
However, high inclinations, say >30◦, are highly unlikely as they
would impose spatio-kinematic features inconsistent with obser-
vations. For example, it is certain that the inclination is smaller
than the opening angles of the lobes because we observe both
redshifted and blue-shifted emission from each lobe (cf. Paper I).
A small asymmetry in the velocity ranges with respect to the sys-
temic LSR velocity of −10 km s−1 is observed and indicates that
Article number, page 4 of 12





Fig. 3. General shape of the molecular lobes in our 3D reconstruction.
The outer shells are represented by meshes viewed from four angles.
The front view is that for a terrestrial observer but, for convenience, ro-
tated by a position angle of –17◦. Northern lobe is shown with a white
mesh, southern with a blue one. Cartesian xyz axes are shown for refer-
ence in red, green, and blue, respectively. The blue axis corresponds to
the line of sight. The convention of counting the azimuthal (θ) and polar
(φ) angles is shown in the inset. Each lobe is ∼8′′ long.
the gas is slightly more redshifted in the northern lobe. In par-
ticular, spectra extracted at the tips of the molecular nebula are
redshifted in the north and blueshifted in the south. We note that
this orientation is opposite to that seen in the cusps of the hour-
glass structure (Hajduk et al. 2013).
Within this model, the outermost emission is located at 7′′.2
where gas moves with a deprojected speed of 470 km s−1. Adopt-
ing a distance of 3.5+2.1
−0.9 kpc (Sect. 2), ballistic motion with such a
speed would take 254+153
−65 yr to reach the outer parts of the molec-
ular remnant. This, within the uncertainties, is consistent with
an origin of the lobes close to the 1670–72 eruption. Slightly
higher inclinations require larger shells expanding with consid-
erably lower speeds. For example, at an inclination near 30◦, the
shells must be ∼15% longer and 50% slower resulting in over
twice higher kinematical age, that is 585 yr at 3.5 kpc. The upper
limit on the kinematical age, limits the range of inclinations to
angles lower than about 15◦. (This should not be confused with
the inclination of the large hourglass structure.)
Assuming that the main axes of the molecular lobes are in the
sky plane, as nearly is the case for our 3D model, the kinematical
age of the outer shells may also be determined using solely the
maximal radial motions of the gas within this structure, that is
134 km s−1. We assume that the extension of the lobes along the
line of sight is the same as the size in the sky plane, that is with
a radius of ≈2′′.5. At an age of 340 yr, this indicates a distance of
Fig. 4. Animation presenting the reconstructed density structure of the
neutral gas in CK Vul. [Here will be an A&A-compatible animation in
.mov format; for now, see https://bit.ly/3hR6jSF; the same for
ions: https://shorturl.at/gwzOT.] The blue bar corresponds to the
line of sight.
3.8 kpc, which is consistent with the revised kinematical distance
to the large hourglass optical nebula (Sect. 2).
3.2. Step 2: Distribution of neutral species
We filled the shells with virtual gas whose density was
parametrized in spherical coordinates (r, θ, φ). In Paper I we
found that the lobes can be characterized with a single tempera-
ture of about 14 K. Then, in the approximation of optically thin
emission, all relative intensity variations are related to changes
in the local density of the molecular tracer. In the SHAPE mode
that we used, it is possible to define density changes as a function
of one of the spherical coordinates but it is not straightforward
to implement density variations simultaneously in two or more
coordinates. This somewhat limited our flexibility in reproduc-
ing the observations, but still provided us with constraints on
the gas distribution. Since no realistic radiative transfer calcu-
lations were performed, we were aiming for only a qualitative
reproduction of the intensity maps. The PV diagrams of many
neutral species with extended emission required limiting the dis-
tribution of matter to certain ranges of the azimuthal angle, θ.
(As indicated in Fig. 3, the angle θ is defined relative to the sky
plane and counted positive from the west toward the observer.)
For instance, in the northern lobe nearly no emission is assigned
to 10◦ < θ < 90◦ (i.e., the western part of the near side is
empty) and our modeled southern lobe is devoid of emission
for 5◦ < θ < 185◦ (i.e., nearly the entire far side is missing).
Although it is certain that these density variations with θ exist,
their magnitude and the exact limits on θ could not be well con-
strained. A comparison between sample PV diagrams of simu-
lated and observed emission of SiO is shown in Fig. 6. These
diagrams correspond to three virtual slits defined in Fig. 5.
Our model of neutral gas was arbitrarily implemented start-
ing from elliptical shells which were devoid of gas for a range
of azimuthal angles. However, alternatively the structure could
have been implemented as an ensemble of streams or jets in-
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Fig. 5. Locations of virtual slits used to generate the position-velocity
diagrams in Figs. 6 and 8. The background images show weighted-mean
emission in several transitions of SiO (left) and combined N2H+ and
HCO+ emission (right) (cf. Paper I).
jected into the larger shell at discrete azimuthal and inclination
angles. These streams or jets would have to be injected close to
the walls of the larger shell to result in the S-shaped morphol-
ogy. A single jet, even a precessing one, is highly unlikely to be
responsible for the observed characteristics.
3.3. Step 3: Molecular ions
In Paper I, we showed that ions display a different spatial dis-
tribution than most neutral molecules. Our 3D analysis of the
emission confirms that notion. We analyzed the extended emis-
sion of molecular ions in 3D based on a data-cube represent-
ing the combined emission of several transitions of HCO+ and
N2H+ (cf. Paper I). In constructing the 3D model, we focused
on qualitatively reproducing the most characteristic features, but
we ignored the patchy appearance of the emission. Our preferred
model is shown in Fig. 7 and it is compared to observed PV di-
agrams in Fig. 8. The diagrams were extracted for virtual slits
shown in Fig. 5.
The thin outer shell seen in most neutral molecules (and
shown in Fig. 3) is seen in ions too, but is very incomplete. Its
emission is very weak at large distances from the center and is
almost absent for several ranges of the azimuthal angle (e.g., be-
tween 70◦ and 180◦ in the northern lobe). Our model replicates
only very roughly the irregularity of the weak outer shell.
Molecular ions display strong features in the PV diagrams
that cannot be reproduced by our basic model for the emission
from neutral molecules. These are outlined by red dashed el-
lipses in Fig. 8. We reproduced these features seen in emission
from cations by introducing a couple of incomplete shells em-
bedded within the outer shells, one in each lobe. They are scaled-
down versions of the outer shells but with multiple shape mod-
ifications (bumps) added, which resulted in very irregular struc-
tures, as shown in Fig. 7.
As before, a homogeneous linear velocity field (3 ∝ r) at
low inclination angles (i=5◦ or 10◦) was assumed for the gas
from ionic species. The gas assigned in the simulations to the
inner shells generally moves slower than that in the outer shells.
Our adopted linear velocity fields imply kinematic ages of 240–
470 yr (at 3.5 kpc). Within the model uncertainties, the age is
thus consistent with origin in the 17th-century eruption. Con-
structing a model that matches exactly the age of the remnant
is possible, provided more effort and more advanced modeling
tools.
In combination with the very complex shape of the shells,
the linear velocity field satisfactorily reproduces most of the ob-
servations. Alternatively, introducing more regular shell struc-
tures, such as a couple of pure ellipsoids, would require a very
complex, highly non-linear, velocity field which we consider un-
likely. We also experimented with an alternative model where
each ionized lobe is represented by 3–4 simple ellipsoidal shells
of different sizes, inclinations, and (different) linear velocity
fields. That model was satisfactorily reproducing the observa-
tions but requires clearing big pars of those shells (cf. below).
The complex spatio-kinematic characteristics of ionic emission
does not warrant a unique 3D model.
An analysis of the distribution of ionized gas within the
shells also indicates complex structures. To reproduce the ob-
served PV diagrams, inner shells were filled with emitting matter
only for very narrow ranges of the azimuthal angle. For instance,
for the northern lobe the emitting matter was located within
55◦< θ <80◦ and –80◦< θ <0◦. These ranges correspond, re-
spectively, to the mainly redshifted and mainly blueshifted parts
of the loops seen in the PV diagrams of the western side. The
narrow limits on azimuthal angles indicate a very confined loca-
tion of molecular ions. The features they display in the northern
lobe can alternatively be well reproduced with a pair of colli-
mated jet-like structures extending along and inside the walls of
the outer shell.
The features producing the loops in Fig. 8 are different from
the bulk of the material traced in neutral molecules, but their ori-
gin and relation to other components of the remnant are unclear.
Ions may represent a more turbulent phase of the circumstel-
lar gas than that probed by neutral molecules. One might ask,
whether these ionized jet-like structures are younger (e.g., more
recently shocked) than those seen in emission of neutrals? Nei-
ther molecule formation nor the dynamics of these features are
understood well enough to provide a satisfactory answer.
3.4. Step 4: Extended bubbles of CO emission
Emission observed in the 1–0 and 2–1 lines of CO has a compo-
nent that is more extended than any other molecular feature ob-
served with ALMA and SMA. Most apparent is the extra emis-
sion east and west from the central waist of the bipolar structure,
as illustrated in Fig. 9. The CO gas is partially outside of the
outer shell discussed above and shown in Fig. 3. The extended
component is patchy in the outermost parts, but its overall dis-
tribution has a pronounced point symmetry. The CO emission
may even be more extended than it appears in our ALMA maps
because the interferometric data are not sensitive to structures
larger than ≈23′′ owing to the limited range of short interfer-
ometric baselines (Paper I). Indeed, compared to a single-dish
spectrum of CO 1–0 obtained with a beam of 21′′.8 (Kamiński et
al. 2017), the ALMA maps recover only about 52% of the line
flux. A component extending beyond the CO emission seen in
ALMA maps was recovered in combined SMA and APEX data
in CO 3–2 (Kamiński et al. 2015). Given the low excitation tem-
perature of CO of ≈10 K (Paper I), the emission in CO 1–0 may
extend beyond the J=3–2 emitting region. On the other hand,
our ALMA maps recover extended emission (.32′′) of interstel-
lar molecular clouds in the field of view centered on CK Vul,
which is much larger than the extent of the remnant in the same
transitions. In the analysis below, we ignore the missing flux and
focus on the recovered J=1–0 emission of 12CO and 13CO seen
by ALMA.
The extended component has a very high radial velocity that
implies radial motions &300 km s−1 relative to the mean LSR ve-
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Fig. 6. Comparison of observed (top) and modeled (bottom) position-velocity diagrams of SiO emission along the slits shown in Fig. 5.
locity of –10 km s−1. This fast component is shown in a sample
of PV diagrams in Fig. 10. Its high radial velocity allows us to
identify the CO component also at positions close to the center
of the remnant where multiple components spatially overlap in
total-intensity maps.
We were unable to construct a regular 3D representation of
this extended CO structure that would fully reproduce its spatio-
kinematic structure. However, an idealized model consisting of
two spherical shells with a size of 16′′ explains some of the ob-
served characteristics. In that implementation, we used a simple
velocity law with k=71 km s−1arcsec−1. It is the steepest func-
tion 3(r) among all analyzed features. The spheres overlap in
the central 1′′.7 part of the remnant. The shells are centered at
r=4′′.3 north and south from the remnant center. These CO bub-
bles are shown in Fig. 7 as the most extended features (in white
and pink). From observations, however, it is not clear how far
north and south the emission extends. Also, the spherical shells
are anti-symmetrically filled with material as the function of θ,
as evidenced by the PV diagrams. The described CO features
are somewhat similar to structures recently discovered in CO
emission within the PPN OH231.8+4.2 and named “fish bowls”
(Sánchez Contreras et al. 2018).
Some clues on the structure of the extended molecular emis-
sion come from its comparison to atomic emission seen in pro-
jection in the same part of the remnant. A comparison is made
in Fig. 11, where we used a map of Hα and [N ii] emission ob-
tained in 2010 with Gemini by Hajduk et al. (2013). The 8 yr
time span between the ALMA and Gemini observations is too
short to produce any changes related to tangential motions, since
we are limited by our angular resolutions of 0′′.45 in CO and 1′′.1
in the optical.
The elongated optical filament marked as jet in Fig. 11
closely fills the gap in the loop of CO emission seen in the north-
ern lobe. This suggests a direct link between the two phases of
the remnant. The nebular emission within the southern lobe is
much less extended and very weak but still constitutes a natural
extension of a broken loop of CO emission of that lobe. Weak
atomic emission is seen surrounding the entire CO emission re-
gion, as outlined in Fig. 11. Not counting the jet, the brightest
clumps of the atomic nebula are seen 2′′.3–7′′.5 east and west
from the center. A much weaker structure is seen in almost all
directions forming a bi-conical limb-brightened structure sur-
rounding the molecular remnant. Its main axis is at a position
angle of ∼25◦, close to that of the molecular nebula (17◦). Its
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Fig. 7. Combined model of nested shells. The model includes two large-
scale CO bubbles (pink and white) and shells of ionized molecules (blue
and yellow). The outer shells from Fig. 3 are both shown here in blue.
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Fig. 8. Comparison of observed (top) and modeled (bottom) PV dia-
grams of ionic emission along the slits shown in Fig. 5. Ellipses drawn
with red dashed lines mark locations of loops discussed in the text.
northern tip appears sharply pointed whereas the apex of the
southern lobe is rounded and incomplete, or appears so only due
to an overlap with a bullet. The shell of recombining gas sur-
rounding the molecular remnant is very likely physically linked
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Fig. 9. Total intensity map of 12CO 1–0 restored with natural weighting
of visibilities. The 3σ level is shown with a red contour. The orange
dashed contour shows the 3σ level for combined emission in several
lines of HCN and H13CN. It illustrates a much larger extent of CO com-
pared to HCN (and all other molecules) near the central waist. Dashed
lines indicate locations of four virtual slit for which PV diagrams are
shown in Fig. 10.
likely created, or excited, by activity in the inner regions and
may represent gas that was ejected earlier than that seen in the
molecular emission and in the northern optical jet. Indeed, the
kinematical age of the bullet agrees with an ejection near 1670
(Hajduk et al. 2007). Since the low kinetic temperature of the
molecular gas (≈10–14 K) requires a phase of strong adiabatic
cooling, the atomic shell may contain material on which work
has been done by the expanding molecular gas.
4. Mass, momentum, and kinetic energy in the lobes
As mentioned in Sect. 1, PPNe have the peculiar characteristics
that the linear momentum and the kinetic energy of their bipo-
lar outflows exceed by orders of magnitude what the central star
is capable of releasing as radiation over the lifetime of the neb-
ula (Bujarrabal et al. 2001). Here we show that the remnant of
CK Vul stores a comparably high momentum and kinetic energy.
We follow closely the definitions of linear angular momen-
tum and kinetic energy in the outflow of Bujarrabal et al. (2001),
who systematically characterized a large number of PPNe and
related objects. In particular, we are interested here in scalar an-
gular momentum, which represents the sum of momenta in the
two opposing lobes (see Bujarrabal et al. (2001) for a discus-
sion of the shortcomings of using this quantity). In our calcu-
lations we use results from Paper I where column densities of
CO have been estimated in four parts of the CK Vul’s remnant:
in regions SW, NE, NW, and SE within the lobes, and in the
central region. These were found with non-LTE models fit to
several rotational transitions of 12CO and 13CO. By multiply-
ing these column densities by the respective sizes of the regions,
we estimated the number of CO molecules, which we next con-
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Fig. 10. Position-velocity diagrams of CO 1–0 emission for four virtual slits shown in Fig. 9. The dashed ellipses mark features which are only








H I and [N II]
Fig. 11. Relative location of atomic and molec-
ular gas in the inner remnant. The color im-
ages in the left and right panels represent, re-
spectively, CO 1–0 and optical nebular emis-
sion near Hα. The latter is also shown as con-
tours on both maps. Nearly all unrelated con-
tinuum sources were removed from both maps.
The main features are labeled in the right map.
The dashed line roughly marks emission of a
partially-broken shell of recombining gas that
appears to surround the molecular remnant (see
text). The bullet is one of the two features stud-
ied in Hajduk et al. (2007) and whose proper
motions indicate an ejection in 1670.
verted to H2 mass using a CO abundance of 2×10−4 relative to
H2 (as in Bujarrabal et al. 2001). We consider three alternative
distances to the source when calculating the physical areas of
the regions: the lower limit of 2.6 kpc, the most likely value of
3.5 kpc, and our working maximal value of 5.7 kpc (Sect. 2). The
column densities and masses are listed in Table 2. The masses
are underestimated for several reasons. (i) The 12CO lines are
optically thick in some regions and our radiative transfer proce-
dure applied only a rough correction for the line saturation. (ii)
About 50% of flux is missing in ALMA maps owing to missing
“short-spacings” (Sect. 3.4). (iii) The regions considered in Pa-
per I encompass 63% of the total flux of CO 1–0 emission. There
are other considerable sources of uncertainty in the calculation,
including the actual abundance of CO given the peculiar chemi-
cal composition of the nebula. Hot atomic and molecular gases,
although certainly present in the nebula, are not accounted for
(in accord with calculations in Bujarrabal et al. 2001).
The total mass is higher than 0.3 M or >0.4 M when
roughly corrected for the incomplete coverage of the CO emis-
sion by analyzed regions. When further corrected for the flux
filtered out by the interferometer, we obtain a mass >0.8 M.
Most mass is stored in the central waist. The lobes constitute
only 40% of the total mass. We note that the derived masses are
comparable to 1 M given in Kamiński et al. (2015) but the lat-
ter corresponds to the invalid distance of 0.7 kpc and is close to
current estimates only due to a numeric error (cf. Eyres et al.
2018).
To calculate the momentum (M3) and kinetic energy (Ekin),
we used deprojected velocity profiles, 3(r), constrained by our
3D models of the lobes (Sect. 3.1). Using these, we calculated a
flux-weighted average CO velocity in the lobes (at r >2′′) of CO
of 312 km s−1. The central region (r <2′′) is occupied by slower
gas, with typical velocities of ≈50 km s−1.
The linear momenta and kinetic energies of the different
components of the molecular remnant are listed in Table 2. The
lobes carry a few times more momentum (80% of the total)
than the central region and contain almost all the kinetic en-
ergy. Values at the considered distances are within the ranges
of M3 and Ekin found by Bujarrabal et al. (2001) for PPNe,
that is, of 1037 − 1040 g cm s−1 and 1044 − 1047 erg, respectively.
This demonstrates that the outflows of the merger remnant of
Nova 1670 are very similar to these of PPNe and thus may have
a similar dynamical origin. Within the uncertainties, the kinetic
energy stored in the molecular remnant of CK Vul is also rela-
tively close to the value of 1046 erg found for two other red-nova
remnants, V4332 Sgr and V838 Mon (Kamiński et al. 2018a).
5. Discussion
5.1. Evidence of jets
The 3D architecture of CK Vul that we attempted to reproduce
entails significant substructures characterized by a range of ori-
entations (inclinations and position angles). Perhaps, the most
striking is that the irregularities of the lobes are associated with
a remarkable level of point symmetry between the northern and
southern lobe. At least for neutral species, each bump has a cor-
responding feature in the other lobe, even though some appear
to be more pronounced in the north. A single ejection event with
a wide opening angle would have to be very asymmetric to pro-
duce such a complex shape of each lobe and at the same time
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Table 2. Characteristics of the molecular gas. (See text.)
NCO Area H2 mass (M) Velocity Momentum (g cm s−1) Ekin (erg)
Region (cm−2) (′′)2 2.6 kpc 3.5 kpc 5.7 kpc (km s−1) 2.6 kpc 3.5 kpc 5.7 kpc 2.6 kpc 3.5 kpc 5.7 kpc
SW 2.1e17 13.517 0.04 0.07 0.17 312 2.2e39 4.1e39 1.1e40 3.5e46 6.3e46 1.7e47
NE 3.4e17 11.773 0.05 0.09 0.24 312 3.2e39 5.7e39 1.5e40 4.9e46 8.9e46 2.4e47
NW 1.1e17 14.856 0.02 0.04 0.10 312 1.3e39 2.3e39 6.2e39 2.0e46 3.6e46 9.7e46
SE 9.6e16 16.898 0.02 0.04 0.10 312 1.3e39 2.3e39 6.2e39 2.0e46 3.6e46 9.6e46
Central 1.6e18 9.472 0.20 0.35 0.94 50 1.9e39 3.5e39 9.3e39 4.9e45 8.8e45 2.3e46
All 0.32 0.59 1.56 9.9e39 1.8e40 4.8e40 1.3e47 2.3e47 6.2e47
Lobes 0.13 0.23 0.62 8.0e39 1.4e40 3.8e40 1.2e47 2.3e47 6.0e47
Notes. NCO is the column density of CO.
preserve the strong north-south point symmetry. It is thus un-
likely that a single ejection created the molecular nebula. A more
natural explanation of the 3D structures is that they were formed
by several collimated streams ejected at different inclination and
position angles but with a high level of North-South symmetry.
The molecular remnant of CK Vul mimics some PPNe
and Herbig-Haro objects whose morphologies are indicative of
pulsed or periodic collimated outflows that take a form of jets,
clumped jets, or bullets. Indeed, outflows with an S- or S-type
morphology, evident in CK Vul, are thought to be driven by
episodic jets (Balick & Frank 2002, and references therein). A
point symmetry of such nebulae is caused by precession of ob-
jects launching them. Such jetted objects are also associated with
interior bow shocks, which are present in CK Vul, too. Similar
outflow mechanisms are very likely in action in CK Vul. Multi-
ple streams that induce shocks naturally explain the positional
variations in excitation seen across atomic regions of CK Vul
(Tylenda et al. 2019); they also explain the asymmetries in the
relative distribution of the neutral and ionic molecular species in
CK Vul.
5.2. Changes in the lobes and their age
Owing to multiple model degeneracies, our 3D analysis did not
provide us with practical constraints on the age of the molec-
ular lobes. The molecular lobes are however expanding fast
and ALMA observations decades into the future will constrain
the proper motions of its sub-components improving our under-
standing of the true 3D structure and age.
The dusty and molecular nebula is changing on time scales of
years and on spatial scales of the order of µas. this is evidenced
by variability of two field stars located behind the southern lobe
(Hajduk et al. 2013). Because these distant stars have very small
angular diameters of a few µas at the distance of CK Vul, even
small changes in the dust distribution within the lobe can cause
observable changes in their extinction. Since the variability is
limited to two lines of sight, it does not put constraints on the
age or structure of the nebula.
At much lower angular resolutions of 0′′.6–1′′.5, the shapes
of discrete features of the optical nebula, including the northern
jet, have remained unchanged since the discovery of the optical
remnant in 1982 (Shara et al. 1985), so for at least 38 yr. (The
nebula is becoming fainter, though.) These atomic features are
thus certainly older than 38 yr but cannot be much older than
their recombination time of ≈250 yr (Tylenda et al. 2019). Two
bullet-like structures within the optical nebula studied by Haj-
duk et al. (2007) have proper motions indicative of an ejection
in 1670 and thus have an age of 350 yr. It has not been clear,
however, if the material responsible for the nebular emission
closer to the star than the bullets was ejected at the same time
and in the same event as the bullets and as the large hourglass.
Based on the correspondence in the distribution of optical and
CO 1–0 emission discussed in Sect. 3.4, we postulate that the
origin of the shock-excited atomic features in the direct neigh-
borhood of the molecular nebula, including the jet, is the same
as that of the molecular matter. Molecules are most likely seen
in the post-shock cooling zones associated with the recombining
plasma behind the shock fronts (cf. Paper I). This sets the age
of the molecular nebula between 38 and ∼250 yr. We cannot ex-
clude, however, that the molecular lobes are older (350 yr) and
formed in the latest phases of the 1670–172 eruption, when the
central object became cool enough to support the production and
survival of molecules.
5.3. Jet precession and binarity
The remnant components can be interpreted as ejected from the
central source at varying orientations. The variation in the posi-
tion angle is evident in Fig. 1. The long axis of the atomic hour-
glass nebula is at a position angle that is ≈–15◦ off with respect to
the main axis of the CO lobes. Still different is the position angle
(off by ≈16◦) of the atomic shell directly surrounding the molec-
ular remnant (Sect. 3.4). The bullets were ejected in yet other
directions. In particular, the trajectory of the south-most bullet is
at ≈45◦ angle to the main axis of the CO region. Our 3D recon-
struction of the neutral and ionic molecular lobes also shows evi-
dence of reorientation of the ejection axes. In analogy to the PNe
and PPNe, these are most naturally explained by binarity of the
central stellar system. Reorientation may be related to preces-
sion in the rotation axis of one of the stars or to orbital changes
in the binary induced by a circumbinary disk (Artymowicz et al.
1991). Depending on the true age of the molecular remnant, the
ejections could have happened at the final phases of the 17th-
century eruption or decades and centuries that followed. Here,
we entertain the idea of a central binary system that has remained
active long after the main eruption. Within the merger scenario,
the system was then triple before the 1670 outburst.
Studies of irregular PPNe and symbiotic systems suggest
that collimated streams are ejected by the more compact star,
often during or in consequence of a periastron passage near a
mass-losing companion (e.g., Soker & Mcley 2013; Sahai et al.
2016; Kashi & Soker 2016). If CK Vul is indeed the remnant of a
stellar-merger red-nova event, it is expected to be now a bloated
star with a low surface gravity and thus may act as the donor
(see below). Assuming that the maximal deprojected outflow ve-
locity of 470 km s−1 (Sect. 3.1) is also the escape velocity of the
more compact star responsible for launching of the molecular
jets, we can roughly constrain the accretor’s mass. For a main-
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sequence companion, the maximal velocity implies a mass of
0.3 M (a spectral type near M5) and a luminosity of 0.008 L.
Nothing that we know about CK Vul contradicts the existence of
such a main-sequence companion, but direct observational con-
firmation may be beyond our current possibilities. The binarity
and post-outburst accretion activity of the remnant must remain
in the realm of speculations for the moment.
We next consider the possible origin of the jet material.
Based on the characteristics of other red-nova remnants, the co-
alesced star of CK Vul should resemble a red giant or a red su-
pergiant (Kamiński et al. 2009, 2010; Chesneau et al. 2014).
Such an object could develop its own radiation-driven wind sim-
ilar to those in genuine red supergiants and AGB stars (Tylenda
et al. 2009; Ortiz-León et al. 2020). The material of that wind
could be accreted and ejected by the postulated compact com-
panion. Within this hypothesis, the material we see in the molec-
ular lobes would originate directly from the wind (i.e., is not the
material that had been dispersed during the merger). If the mass-
losing star managed to alter its surface chemical composition
in the course of its dynamical relaxation following the coales-
cence, the jet material would have a different composition than
the merger ejecta. We do observe chemical dissimilarities in the
lobes and the central region in CK Vul (Paper I). However, the
jet material should eventually be also shocked, so the molecular
composition that we observe today may not be the same as the
original molecular composition of the wind.
Alternatively, the material that is accreted and ejected by the
hypothetical companion may originate from a circumbinary disk
formed prior or during the 1670 merger. Such a structure may be
identified in the waist of the bipolar nebula of CK Vul. It has been
shown that in many post-AGB systems that had undergone the
common envelope evolution, the circumstellar gas is transferred
to and accreted onto the inner binary from a circumbinary disk
that had formed in earlier phases (Kashi & Soker 2016; Rafikov
2016; Oomen et al. 2019, and references therein). It is uncer-
tain if such a mechanism could operate in CK Vul, given the
much shorter time scales necessary to effectively transfer mass
to the companion. However, observations of the red-nova rem-
nants V838 Mon and V4332 Sgr suggest that some material does
fall back to the central objects decades after the merger (Rushton
et al. 2005; Tylenda et al. 2009, 2015).
5.4. Alternative origins of the molecular remnant
Accretion-powered ejections are not the only viable possibility
explaining the origin of the jet-like outflows with varying orien-
tations. One of the scenarios worth considering is erratic mass
loss from a magnetic merged star. Merger products are expected
to develop strong magnetic fields (Soker & Tylenda 2007; An-
tonini et al. 2010; Schneider et al. 2019) which enhance mass-
loss rates from such a newly-formed star. In some merger sce-
narios, magnetic winds are considered an important sink of the
excess angular momentum stored in the envelope of a merger
product (cf. Braithwaite 2012). Mass loss from such an object
is expected to be inhomogeneous and erratic in time and orien-
tation. Such an expanding outflow may be deflected into bipo-
lar lobes by a disk or a torus-like structure formed during the
merger and placed in the orbital plane of the former binary. Ob-
servational and theoretical verification of such a scenario would
however be very difficult.
5.5. CK Vul analogs among PPNe?
We have outlined many similarities between CK Vul’s nebula
and PPNe. Are there objects classified as post-AGB or PPNe, but
that in fact of a similar nature as CK Vul? We think that is pos-
sible. One prominent distinction between CK Vul remnant and
bone fide PPNe is the much lower bolometric luminosity of 12–
60 L compared to 104 L typical for true post-AGB stars. Some
PPNe and PNe, although called post-AGB, are actually thought
to be post-RGB systems (cf. Oomen et al. 2019; Kamath et al.
2016) with luminosities close to the upper limit of CK Vul’s lu-
minosity. These objects may be a good starting point in searching
for a CK Vul analog. We expect that post-merger systems would
have systematically higher masses of the circumstellar material
than true post-RGB stars with undisturbed evolution.
For many genuine post-AGB PPNe, the distance and the lu-
minosity are unknown or poorly constrained — only a few have
well known parallaxes. Objects that appear on images like PPNe
are often assumed to have luminosities of ≈104 L even though
their true evolutionary status is unknown (e.g., see discussion in
Bourke et al. 2000). There is a chance that relatives of CK Vul
will be found among such mis-identified PPNe once their true lu-
minosities are known better. Determining the distances for these
heavily-embedded stars is difficult, as the visual extinction may
be as high 100 mag, but is not impossible.
Despite the similarities to PPNe CK Vul is unique owing to
the well known eruptive history going back to the 17th century.
Many PPNe have kinematical ages of a few hundred years, too,
and are suspected to have undergone an explosive-type event
(e.g., Lee et al. 2013; Schmidt & Ziurys 2019). If the lobe ejec-
tions were associated with bright optical outbursts, as that of
CK Vul and of other red novae, observational records from the
last few centuries should have reported similar eruptive events
(at least for a few younger PPNe in the northern hemisphere).
No such records are known today. Perhaps the outburst were
overlooked because they were not bright in the visual. Merger
progenitors can enshroud the system in dust years prior to the
merger (Tylenda et al. 2011; Pejcha et al. 2016). For certain ge-
ometries, this would make the outburst essentially unobservable
at visual wavelengths but bright in the infrared. Dusty infrared
transients have been recognized only very recently (Tylenda et
al. 2013; Jencson et al. 2019) and their link to PPNe is indeed
intriguing. There is a chance that among objects classified today
as PPNe are merger remnants resembling CK Vul.
6. Summary
Through 3D modeling of the optical nebula of CK Vul, we re-
vised the distance to the object to >2.6 kpc which makes the
stellar remnant and Nova 1670 significantly more luminous than
assumed so far. At the revised distance, the hourglass structure
has an enormous size, of >0.9 pc, and its outermost parts move
at very high speeds, >1400 km s−1. Using ALMA data from Pa-
per I, we also reconstructed the 3D spatio-kinematical structure
of the molecular remnant of CK Vul. Neutral species and ions
fill walls of complex structures that could not have been cre-
ated in a single mass ejection episode. Gas is traced in a con-
fined ranges of the azimuthal angle. The distribution of molec-
ular ions appears especially intricate, implying more complex
ejections or an extra interaction mechanism that remains uniden-
tified. Within the model uncertainties, the molecular remnant
could have been created in the 17th century eruption or a cen-
tury later. The molecular bipolar outflows carry out only ≈40%
of the total mass of the cool molecular gas. With de-projected
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speeds reaching 470 km s−1, however, they contain most of the
kinetic energy and linear momentum of the molecular remnant.
These physical parameters of CK Vul’s outflows are very simi-
lar to those of classical PPNe outflows. By analogy to current
ideas of PPN formation, we propose that the elaborate molecular
structures in CK Vul were created by episodic jets with a varying
orientation and we speculate that there may be a binary system in
the remnant center. We postulate that post-merger remnants sim-
ilar to CK Vul could be hiding among sources incorrectly classi-
fied as post-RGB and post-AGB objects. The current study does
not challenge the interpretation of CK Vul as a remnant of a stel-
lar merger that involved an RGB star (Kamiński et al. 2018b).
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Kamiński, T., Tylenda, R., Menten, K. M., et al. 2018, Nature Astronomy, 2, 778
Kaminski, T., Menten, K. M., Tylenda, R., et al. 2020, arXiv:2006.10471, Paper
I
Kashi, A. & Soker, N. 2016, Research in Astronomy and Astrophysics, 16, 99
Kato, T. 2003, A&A, 399, 695
Lee, C.-F., Sahai, R., Sánchez Contreras, C., et al. 2013, ApJ, 777, 37
Livio, M., & Soker, N. 1988, ApJ, 329, 764
MacLeod, M., Macias, P., Ramirez-Ruiz, E., et al. 2017, ApJ, 835, 282
Miller Bertolami, M. M., Althaus, L. G., Olano, C., et al. 2011, MNRAS, 415,
1396
Naylor, T., Charles, P. A., Mukai, K., et al. 1992, MNRAS, 258, 449
Oomen, G.-M., Van Winckel, H., Pols, O., et al. 2019, A&A, 629, A49
Ortiz-León, G. N., Menten, K. M., Kamiński, T., et al. 2020, A&A, 638, A17
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Tylenda, R., Górny, S. K., Kamiński, T., et al. 2015, A&A, 578, A75
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